The generation of white-light by light-emitting diodes (LED) has numerous advantages over incandescent and halogen lamps in terms of both power efficiency and reliability. The first commercially available white LED based on phosphors was produced in 1996. It combined a blue light-emitting (In,Ga)N with a yellow Y 3 Al 5 O 12 : Ce 3þ (YAG:Ce) phosphor. 1 However, the white light thus obtained has a poor color rendering index because of the color deficiency in the red region. To solve this problem, green and red phosphors have been combined with blue LEDs and red, green, and blue phosphors have been combined with ultraviolet (UV) LEDs.
The compound (Sr 2Àx Ba x )SiO 4 :Eu 2þ has been the subject of intense investigation for use) as a conversion phosphor in both blue and UV LEDs owing to their useful optical, structural and chemical properties. Barium orthosilicate, Ba 2 SiO 4 has the only stable orthorhombic modification. 2 However, Sr 2 SiO 4 exhibits two structural modifications. 2, 3 At temperatures below 85 C the low-temperature or b-form is stable, whereas above 85 C, the high-temperature or a form is stable. b-Sr 2 SiO 4 has a monoclinic structure that is similar to that of another alkali earth orthosilicate, Ca 2 SiO 4 . Orthorhombic a-Sr 2 SiO 4 is isostructural with Ba 2 SiO 4 . At room temperature, the a-form can be obtained by replacing part of the strontium by barium. At barium concentrations as low as 2.5%, only the a form of Sr 2 SiO 4 exists. 3 The lattices of Ba 2 SiO 4 and Sr 2 SiO 4 include equal amounts of two alkaline earth sites, one of which is ten-coordinated and the other of which is nine co-ordinated. Phosphors based on (Sr 2Àx Ba x )SiO 4 :Eu 2þ have been studied since 1960, 4 but only recently the found a practical use in LEDs owing to their high performance and the ability to tune their color coordinates by changing their Sr/Ba ratio and/or dopant (Eu) content. 2, 3, [5] [6] [7] [8] [9] The temperature inside of high power LED lamps can reach up to 90 C. 10 The temperature of phosphor particles might even exceed this value owing to selfheating effect originated from thermal losses during photoconversion process. The spectral characteristics of (In,Ga)N LED chip are relatively thermaly stable, however, PL intensity and spectral characteristics of silicate phosphors (Sr 2Àx Ba x ) SiO 4 :Eu 2þ are very sensitive to the temperature. 3, [10] [11] [12] In addition, cooling of the phosphor material, which is usualy dispersed in polymer medium is difficult owing to its poor thermoconductivity. In the high power LEDs used as headlamps or general ilumination lightbulbs, the variation of the combined spectral characteristics of LED lamp in different thermal conditions can be substantial. Hence, predictablity of behavior of the converting phosphor in different thermal conditions and evaluation of an optimal composition of (Sr 2Àx Ba x ) SiO 4 C in 5% H 2 /95% N 2 for 8 h. The synthesized powders were examined by X-ray powder diffractometry (XRD) using an X'Pert PRO advanced automatic diffractometer, operated at 50 kV and 200 mA using Cu K a radiation (1.54187 Å ). Photoluminescence emission (PL) and excitation (PLE) properties were studied using a FluoroMax-3 spectrometer with 450 W Xe light source.
Results and Discussion
All (Sr 1.9Àx Ba x )SiO 4 :Eu 0.1 samples were single-phase, according to their XRD patterns, which are shown in Fig. 1 Figure 2 presents the excitation (PLE) and emission (PL) spectra of a series of (Sr 1.9Àx Ba x )SiO 4 :Eu 0.1 samples that were excited by blue light with a wavelength of 460 nm. The PLE spectra demonstrate that increasing the Ba/Sr ratio increases the overall excitation band intensity. When Eu 2þ is doped into the Ba 2 SiO 4 and Sr 2 SiO 4 , hosts it can occupy two non-equivalent cation sites (I and II). The structure therefore has two emission centers. In Sr 2 SiO 4 :Eu, these centers emit at 490 and 570 nm, which phenomenon has been the subject of numerous studies. [2] [3] [4] [5] [6] [7] [8] [9] 11 Position (I) is ten-coordinated and position (II) is nine-coordinated with oxygen atoms. The shorter-wavelength emission is attributed to Eu 2þ at the (II) sites, whereas the longer-wavelength emission is attributed to Eu 2þ at the (I) sites. is excited by UV light, the shorter-wavelength emission at $490 nm attributed to Eu(II) is dominant. However, under longer-wavelength excitation of 460 nm emission attributed to Eu(II) sites insignificantly contributes to resulting spectra, and only the band at $570-580 nm, associated with the Eu(I) sites, is obtained. 2 As the temperature increases emission intensity of (Sr 1.9Àx Ba x ) SiO 4 :Eu 0.1 is reduced by thermal phonon-assisted relaxation (Fig. 3) through the crossing point between the excited and the ground states. 12 The process is described by the Arrhenius equation 10 ,11
where I 0 represents the initial PL intensity; I T is the intensity at temperature T; E a is the activation energy of thermal quenching or nonradiative transition barrier, c is a constant for a particular host, and k is the Boltzman constant (8.62 Â 10 À5 eV). Figure 3 shows that the Ba/Sr ratio (x) in the compound strongly affects the thermal stability of PL. Surprisingly, thermostability varies non-linearly with x, which result contradicts that obtained by Kim et al. 12 Quenching temperature (temperature at which PL intensity is half of its initial value) is a parameter that characterizes the thermostability of the PL emission intensity. It is plotted in Fig. 4 as a (Fig. 4) towards shorter wavelengths (blue-shift) by up to 9 nm, displayed in Fig. 5 , which behavior differs from the usual red shift that is predicted by Varshiny theory 13 EðTÞ
where E(T) is the energy difference between the excited state and the ground state at temperature T; E 0 is the energy difference at 0 K, and a and b are fitting parameters. Previous work has demonstrated that the PL of the strontium-only composition Sr 2 SiO 4 :Eu 2þ is typically red-shifted as temperature is increased. The inconsistency in the results may be a consequence of the high Eu 2þ content that was used in present study À0.1 per formula unit, as compared with the 0.01-0.02 that was used by Kim et al. 11 At low dopant concentrations, Sr 2 SiO 4 :Eu 2þ exists as monoclinic b-phase with a high PL intensity at wavelengths of $490 nm, corresponding to Eu(II) emission. The temperature-induced blue-shift of the emission of Ba 2 SiO 4 :Eu 2þ has been discussed elsewhere. 8 In the case of Ba 2 SiO 4 : Eu 2þ , two emission bands at $500 and $520 nm from Eu(II) and Eu(I), respectively, completely overlap and the blue-shift in their resulting spectra with an increase in temperature is caused by back-tunneling. 11, 15 At higher temperatures, electrons at lower excited levels (Eu 2þ on site (I)/Ba) jump to higher excited levels (Eu 2þ on site (II)), as shown in Fig. 6 , through the crossing point X2/Ba, assisted by thermal phonons. The probability of non-radiative relaxation through the crossing point X1/Ba between the excited state and the ground state in the configurational coordinate diagram thus decreases and the probability of emissive transition between the excited state Eu(II) and the ground state increases. The intensity of the longer-wavelength emission peak Eu(I)/Ba declines as the temperature increases, and that of the shorter wavelength emission peak Eu(II) either increases or decreases more slowly. 8 As a result of a convolution of peaks, the blue-shift with increasing temperature can be observed. Overaly, the back tunneling process promotes emission and hinders non-radiative relaxation.
Surprisingly, Ba 1.9 SiO 4 :Eu 2þ 0.1 obtained in this work does not show any noticeable shift of the emission band with increase of the temperature (Fig. 5) as opposed to result obtained by J. S. Kim. 8 In the contrary, the as-prepared strontium-containing samples Sr 1.9Àx Ba x SiO 4 :Eu 0.1 show substantial blue shift of 9 nm. As the Ba content (x) increases, the contribution of the shorter wavelength band to the resulting emission spectra increases and thermally induced blue shift declines. When Sr 1.9 SiO 4 :Eu 2þ 0.1 is excited by 460 nm light, the band at $490 nm contributes negligibly to the emission and appears to be overlapped with a broad longer wavelength band at $580 nm resulting in a single maximum. Therefore, the blue-shift of this convoluted band of Sr 1.9 SiO 4 :Eu 2þ 0.1 can also be explained in terms of back-tunneling through crosspoint X2/Sr (Fig. 6 ) from the lower energy excited states assigned to Eu(I) to the higher energy ones assigned to Eu(II).
As described above, the luminescence quenching temperature of (Sr 1.9Àx Ba x )SiO 4 :Eu 0.1 is highest at x $ 1.2 (Fig. 4) . The initial increase in the luminescence thermostability with Ba content is easily understood from the configurational coordinate diagram (Fig.  6) .
8,11 Figure 6 schematically depicts cross-section points for Sr 1.9 SiO 4 :Eu 0.1 and Ba 1.9 SiO 4 :Eu 0.1 that correspond to non-radiative transition barriers X1/Sr and X1/Ba, respectively. The higher-energy excited levels of Sr 1.9 SiO 4 :Eu 0.1 ($490 nm emission) and Ba 1.9 SiO 4 :Eu 0.1 ($500 nm emission) are very close to each other, and therefore marked in Fig. 6 as Eu(II) for both compounds. The nonradiative transition barrier (E a in Eq. 1) increases from X1/Sr to X1/Ba as the Stokes shift of the lower-energy band declines from Eu(I)/Sr to Eu(I)/Ba owing to increase in Ba content in (Sr 1.9Àx Ba x ) SiO 4 :Eu 0.1 .
The subsequent saturation and decrease in thermostability for x > 1.2 indicates that that the change in the Stokes shift is not the only factor that affects the thermal behavior of (Sr 1.9Àx Ba x )SiO 4 : Eu 0.1 phosphors. The temperature-induced back-tunneling from the lower-energy excited level, corresponding to the Eu(I) crystallographic position, to the higher-energy level, corresponding to Eu(II), explained above, can increase the electron population at Eu(II) and prevent non-radiative relaxation, which would otherwise cause thermal quenching of the luminescence. Similarly, temperature-induced direct tunneling increases the population of electrons at the lower-energy level, corresponding to Eu(I), and promote nonradiative relaxation (and prevents emissive transition between Eu(II) and the ground state). The higher energy emission at $490 nm, corresponding to Eu(II) sites, has very low intensity from Sr 1.9 SiO 4 :Eu (Fig. 5) . However, the electron population at the higher energy excited level, Eu(II), in (Sr 1.9Àx Ba x )SiO 4 :Eu 0.1 , increases with Ba/Sr ratio and becomes nearly equal that at the Eu(I) level in Ba 1.9 SiO 4 :Eu 2þ 0.1 , as revealed by its emission spectra (Fig. 2) , in which the intensities of the shorter and longer wavelength bands, corresponding to Eu(II) and (Fig. 5) . The direct tunneling from Eu(II) to Eu(I) at increased temperature promotes non-radiative relaxation through the X1/Ba crosspoint in the configurational coordinate diagram (Fig. 6) and results in decrease of quenching temperature as the Ba content, x, in (Sr 1.9Àx Ba x )SiO 4 :Eu 0.1 exceeds value of 1.6.
The non-linearity of the dependence of quenching temperature on Ba/Sr ratio x is the result of two competing factors that prevail in different regions of Ba content, x. The first is an increase in the activation energy of non-radiative relaxation, which is dominant at x < 1.2, and the second -an increase in the rate of temperature-induced direct tunneling, which prevents emissive transition between the Eu(II) excited state and the ground state in Sr 1.9Àx Ba x SiO 4 :Eu 0.1 at increased temperatures and becomes dominant when x exceeds 1.6.
Conclusions
In summary, the series of (Sr 1.9Àx Ba x )SiO 4 :Eu 0.1 phosphors were synthesized by solid state reaction. A photoluminescence investigation revealed the PL intensity under 460 nm excitation was highest when the Ba content x was 1.6. Thermal quenching in Sr 1.9Àx Ba x SiO 4 :Eu 0.1 depended strongly on the Ba/Sr ratio and the thermostability was highest at a Ba content of x ¼ 1.2-1.6. The blue-shift of the emission band of the Sr 1.9Àx Ba x SiO 4 :Eu 0.1 samples with increasing temperature was explained in terms of the back-tunneling between two excited states in the Sr 1.9Àx Ba x SiO 4 :Eu 0.1 structure. The non-linear dependence of the photoluminescence quenching temperature on the Ba/Sr ratio, x, is a result of two competing factors as Ba content in Sr 1.9Àx Ba x SiO 4 :Eu 0.1 increases. An increase in the activation energy of non-radiative relaxation, which causes increase in the emission thermostability, is dominant when x is below 1.2. An increase in the rate of temperature-induced direct tunneling, which promotes nonradiative relaxation in Sr 1.9Àx Ba x SiO 4 :Eu 0.1 at increased temperatures, results in decline in quenching temperature when x exceeds 1.6.
